The effect of mobile ion background on the dynamics of a planar virtual cathode with retarding field is investigated. The ions appear in the diode gap due to ionization of a neutral gas by the electron beam. Detailed examination of the self-consistent processes of the virtual cathode dynamics, gas ionization, and ions motion is performed using the particle-in-cell simulation. It is shown that the presence of ions leads to the virtual cathode neutralization, its displacement, and subsequent anew formation. The microwave generation has the form of a sequence of pulse packets, whose duration depends on the value of the retarding potential and the kind of gas.
I. INTRODUCTION
The virtual cathode oscillator ͑vircator͒, which is a source of powerful microwave radiation, is attractive due to its simple construction and the possibility to operate without an external magnetic field. 1, 2 The oscillating virtual cathode ͑VC͒ appears in an electron beam when the beam current exceeds a certain critical value, I cr , and the beam space charge is strong enough in order to form a potential barrier which reflects back the beam electrons. The presence of ions leads to partial compensation of the beam space charge and the VC appears only at higher values of the current or does not arise at all.
The influence of an immobile ion background on the VC formation has been studied earlier in Refs. 3-8. In particular, the dynamics of the diode with surface ionization has been investigated experimentally and numerically in earlier works. 9, 10 The acceleration of ions in the oscillating VC has been considered in Refs. [11] [12] [13] [14] [15] . However, the opposing influence of mobile ions on vircators has not yet been fully examined theoretically.
The role of ions in the VC formation and dynamics manifests itself most strongly in the so-called low-voltage vircator with the retarding electric field. [16] [17] [18] [19] In this device the reflecting potential is applied to the output grid of the drift space. 16 The value of the reflecting potential is a control parameter of the system. When the electron beam current and the reflecting potential exceed some critical values the regimes with vircators appear. Oscillatory regimes exist also when the reflecting potential exceeds the accelerating voltage. [16] [17] [18] The low-voltage vircator operates in a long pulse or even in a dc regime and the ions which appear in the drift region due to impact ionization of a residual gas, cannot be treated as immobile during the beam pulse. All these processes, namely, the VC formation, the gas ionization, and the ions motion, should be considered simultaneously and selfconsistently in this device.
In the present paper the main properties of the abovementioned processes are investigated by the example of a Pierce-type plasma diode. 2, 3, [20] [21] [22] [23] The paper is organized as follows. In Sec. II a kinetic numerical model describing an electron beam in a plasma diode and the ionization of neutral gas is presented. In Sec. III we present the results of simulations with and without the presence of a gas in the diode gap. The conclusions of this paper are summarized in Sec. IV.
II. GENERAL FORMALISM
A simulation of the nonstationary processes in a charged particle beam in the presence of a neutral gas has been performed by means of a one-dimensional ͑1D͒ model of a Pierce-type diode with a retarding field using the particle-incell ͑PIC͒ method. 24 The 1D Pierce diode 3,4,21 consists of two infinite parallel grids pierced by an infinitely wide monoenergetic electron beam ͑Fig. 1͒. The retarding field is produced due to the negative potential V r on the second ͑output͒ grid relative to the potential of the first grid. The beam density n b0 and velocity v 0 are maintained constant at the system input. When the beam current exceeds a certain value an unstable oscillating VC is formed in the diode gap. The electron beam is modulated by the temporal and spatial oscillations of the VC; moreover, some of the electrons reflect from the VC back toward the entrance grid. As a result, the VC was observed to execute either regular or chaotic oscillations, whose shape and power depended substantially on the potential V r . The case of V r = 0 has been studied in details in many investigations. 3, 20, 21 The diode gap is evenly filled by neutral gas ͑in this paper we consider hydrogen and nitrogen͒ at relatively small pressures in the range p =10 −4 -10 −3 Torr. The beam electrons can cause impact ionization of the neutral gas molecules with formation of positive ions and secondary electrons.
The following dimensionless variables will be used below:
Here is the potential, n ͑ = e , i͒ is the electron and ion density, respectively, and L is the diode gap length.
The electrons and the ions are considered as a set of PIC particles of two types: "electrons" and "ions." Their motion is governed by the nonrelativistic dimensionless equations of motion,
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where ek and ik are the of kth electron and kth ion coordinates, and m and M are the electron and ion masses, respectively.
The numerical scheme for simulation of gas ionization is similar to the method described in, 12 but gives a more precise consideration to the ionization process for the low-energy electrons. Primary electrons can cause the impact ionization of neutral gas molecules. This results in formation of positive ions and secondary electrons. A multiple ionization and formation of a negative ion are not considered because their probability is negligibly smaller than it is for the pair "positive ion-slow electron." 25 During ionization the primary electrons lose a comparatively small amount of energy that allows one to neglect this loss. 26, 27 Positive ions have been introduced by means of calculation of the ionization coefficient , which is defined as the number of ionization events per one centimeter for one electron for pressure p 0 = 1 Torr. The dependencies of the ionization coefficient on the energy of the ionizing electron for hydrogen and nitrogen gases are presented in Fig. 2 ͑see, e.g., Refs. 25 and 26͒. The maximum value of the ionization coefficient corresponds to electrons with a small energy ͑about 100-200 eV͒. It means that the role of ionization is especially important for beam systems with a VC because there is a large quantity of low-energy electrons that are decelerated at the vicinity of the VC.
The number N of pairs positive ion-slow electron that form in time ⌬ per length ⌬ is given by the relation
where p = ͑␤͒p / p 0 is the normalized ionization coefficient that depends on the gas pressure p. The mean value p ͑␤͒␤ is determined by all previous electrons that are located in the space interval ⌬ in the time interval ⌬. All the charged particles produced per length ⌬ in time ⌬ have been combined into two PIC particles, ion and "secondary electron." In order to calculate the potential and the charge density, a uniform spatial mesh with a spacing ⌬ has been introduced. In the quasistatic approximation, the potential of the space charge field is determined from the 1D Poisson equation with corresponding boundary conditions
2 / m is the electron beam-plasma frequency, and ⌬ is the dimensionless decelerating potential.
The space charge density is calculated using the PIC method, i.e., by linearly weighing the contributions of macroparticles ͑charged sheets͒ to its mesh values, a technique that reduces the noise introduced in computations by the mesh. 24 In this method, the space charge density in the jth mesh point, i.e., at the point with the coordinate j = j⌬, is expressed as
where i and q i = ϯ 1 are coordinate and charge of ith PICparticle ͑electron or ion͒, respectively, N p is the total number of PIC particles, N 0 is the parameter of the computational scheme which is equal to the number of PIC particles in a cell in an unperturbed state, and
is a piecewise linear function, which determines the procedure of weighing the contribution of a PIC particle on a spatial mesh with the spacing ⌬.
Schematic of a Pierce diode with a retarding field and neutral gas infill. The following values of parameters were in the numerical simulations: the number of points in the spatial mesh N C = 400, the number of PIC particles in a cell in an unperturbed state N 0 =24 ͓9600 negatively charged macroparticles ͑electrons͒ in the computation region in an unperturbed state͔, and the time step ⌬t =10 −4 . These values of the parameters of the numerical scheme were chosen so as to provide the required accuracy and reliability of calculations for the analysis of complicated nonlinear processes ͑including deterministic chaos͒ in beam-plasma systems. 24, 28 The equations of motion were solved by a leap-frog scheme of second-order accuracy, 24 and the Poisson equation was integrated using the error vector propagation method.
28

III. RESULTS
A. System without gas infill
First, let us consider the dynamics of the Pierce diode with a retarding field without gas infill. Figure 3 illustrates the characteristic regimes of oscillations of the electron beam in the diode gap in the parameter plane of ␣ and ⌬ which are, respectively, the Pierce parameter and the decelerating potential difference between the grids.
The domain T in Fig. 3 refers to the regime in which the electron beam is fully transmitted through the drift gap; in this case, no VC is formed in the electron beam and no oscillations are excited there. Curve 1 corresponds to the critical values of the control parameters at which the system becomes unstable and an unsteady VC, oscillating in both space and time, arises in the beam. Curve 1 ͑solid line͒ in Fig. 3 is given by the formula for aperiodic Bursian instability boundary Curve 1 and the VC oscillations ͑VCO͒ domain cannot reach the boundary ␣ = 0 because of the stability of this region, but this curve continues to segregate the domains T and S that represent different stable regimes ͑dashed line͒.
When the beam is not decelerated ͑⌬ =0͒, the critical value of the Pierce parameter at which an unsteady VC forms in the system is equal to ␣ cr =4/ 3 ͑Ref. 29͒ ͑in Fig. 3 , this critical value ␣ cr at the abscissa is indicated by the arrow͒. As the decelerating potential ⌬ increases, the boundary of the region in which an unsteady VC can appear in the parameter plane is displaced toward smaller values of the Pierce parameter.
Curve 2 in Fig. 3 corresponds to the values of the control parameters at which the oscillations in the system are suppressed and a steady VC forms in the beam that reflects all the electrons that were injected into the diode gap. This regime, which is denoted by the symbol S in Fig. 3 , corresponds to the strong deceleration of the electron beam; it can be described analytically in terms of the steady-state theory of electron beams with an overcritical current ͑see, e.g., Refs. 30 and 31͒.
The region VCO between curves 1 and 2 in Fig. 3 corresponds to different oscillation regimes of an electron beam with a VC. A detailed study of various oscillating regimes in Pierce-type diode with retarded potential is presented in Ref. 16 .
B. Dynamics of virtual cathode in the presence of gas
Let us discuss the dynamics of the system with gas infill for various sorts of gas and gas pressures. The space-time diagram of electron flow in the nitrogen-filled drift space is shown in Fig. 4͑a͒ for gas pressure p =5ϫ 10 −4 Torr. The diagram shows the trajectories of beam electrons that were injected into the interaction space with the same velocity. The space-time distributions of the beam density and the ion density are shown in Figs. 4͑b͒ and 4͑c͒ correspondingly. Figure 4 illustrates the process of VC onset in the drift space that is characterized by the thickening of the electron trajectories in the space-time diagram ͓Fig. 4͑a͔͒ and the rapid increase in the electron beam density ͓Fig. 4͑b͔͒. After the onset of the VC, active ionization of the gas takes place in the vicinity of the VC ͓see Fig. 4͑c͔͒ , where the velocities of electrons are small. Then as the VC's space charge is compensated by the positive ions whose density near the VC is increasing ͓Fig. 4͑c͔͒ a shifting of the VC to the second grid takes place. This process results in the displacement of the VC from the drift space and, consequently, in the termination of microwave generation in the system. The same results have been obtained for a hydrogen infill of the drift space.
For better understanding of the process development let us consider the evolution of the potential distribution. The space-time distribution of the potential for the same system parameters, as in Fig. 4 , is shown in Fig. 5 . One can see the formation of the VC which is represented by a deep potential drop moving toward the output grid, while ions compensate the VC space charge. After the displacement of the VC the potential distribution takes a form similar to nonperturbed distribution but with a small area of potential growth provided by the bunch of ions that were produced during the vircator. 
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After the displacement of the VC from the drift space the ions begin to drift away due to the negative potential on the second grid. When the positive space charge density decreases of to a certain value the opportunity of a nonstationary VC onset arises again. Then the process of VC displacement repeats and so forth.
Thus, the output signal ͓oscillating electric field E͑t͒ on the output grid͔ of the system represents a sequence of pulses with approximately equal intervals between them ͑Fig. 6, curve 1͒. In the figure one can see that there are intervals of microwave generation with a considerable amplitude ͑they correspond to the vircators͒ and intervals where generation is practically terminated ͑they correspond to the time after the VC displacement͒.
Suppression of oscillations in the electron beam with the VC can be considered in terms of the effective Pierce parameter, ␣ eff ͑͒ = ␣ ͱ 1− i ͑͒, which determines the VC regimes in the presence of ions.
The normalized ion density i increase leads to the parameter ␣ eff decrease. The oscillating VC exists until ␣ eff exceeds a critical value ␣ cr , which depends on the retarding potential ⌬, ␣ cr = ␣ cr ͑⌬͒, as it is depicted in Fig. 3 . In other words, the condition ␣ ͱ 1− i = ␣ cr ͑⌬͒ determines the maximal ion density in the VC region, i,max , that allows the oscillating VC existence,
The VC life time, t VC , coincides with a time during which the electron beam creates this ion density, i,max , due to the gas ionization. The ionization coefficient is maximal in the VC region, where the electron energy is small, and therefore in this region the presence of ions is the most important. Thus, the one can estimate t VC value using the following equation:
where the condition n b v b = n b0 v 0 is taken into account. The factor of 2 in Eq. ͑7͒ reflects the fact that electrons, reflected from the VC, also contribute in the gas ionization. Using Eqs. ͑6͒ and ͑7͒, one can derive the following expression for the VC life time t VC :
Expression ͑8͒ shows that t VC reaches its maximum when the difference ␣ − ␣ cr ͑⌬͒ is maximal, i.e., t VC is maximal for the retarding potential ⌬ Ӎ 0.5 ͑see Fig. 3͒ . 
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Thus, the decrease in the effective Pierce parameter due to the gas ionization leads to the transition to the nongenerating regime ͑either full transition of the beam through the gap or a stationary VC͒, i.e., a transition over either curve 1 or 2 in Fig. 3 , and a following increase in ␣ eff due to the ion drift results in a transition back to the generation domain.
Curve 2 in Fig. 6 represents the time dependence of the normalized total positive space charge Q i ͑͒ = ͐ 0 1 ͉ i ͑ , ͉͒d in the drift space. Let us note that the value of the ion charge density is of the same order of magnitude as the electron beam charge density. One can see in Fig. 6 that during the generation the total ion charge increases that corresponds to the decrease of the effective Pierce parameter ␣ eff and a transition to the nongenerating regime. Consequently the total positive space charge decreases due to the ion drift and for a certain value ͑marked by the dashed line͒ the generation resumes. It corresponds to the transition of ␣ eff over the critical value, ␣ cr , for which the nonstationary VC arises in the system.
C. Results of the parameter studies
Let us consider the dependence of the VC lifetime t VC on the system parameters ͑gas pressure p and dimensionless deceleration potential ⌬͒. The dependence of the VC lifetime on the decelerating potential is presented in Fig. 7 for the nitrogen infill ͓Fig. 7͑a͔͒ and hydrogen infill ͓Fig. 7͑b͔͒. It is easy to see that the maximal VC lifetime at various pressures of gas ͑curves 1, 2, and 3 represent the dependencies for the values of the gas pressure p =10 −4 , 2ϫ 10 −4 , and 4 ϫ 10 −4 Torr, respectively͒ is observed for a range of values of the decelerating potential ⌬ ϳ 0.5-0.55.
During the increase in the gas pressure the ionization coefficient p also increases and the beam space charge neutralization occurs faster. It results in the decrease of the VC lifetime. The latter is seen in Fig. 8 from the dependencies of the VC lifetime on the gas pressure for various decelerating potentials: curves 1, 2, 3, 4, and 5 correspond to ⌬ = 0.6, 0.55, 0.5, 0.45, and 0.4, respectively.
As it was shown before the maximal VC lifetime was observed for the decelerating potential ⌬ ϳ 0.5. This is explained by the changing of the electron energy distribution function averaged by the time and diode space for various decelerating potentials ͑W is the electron energy normalized to its initial value eV 0 ͒. The distribution has been calculated until the VC displacement from the drift region. In Fig. 9 the electron energy distribution functions f͑W͒ are shown for various values of the decelerating potential ⌬ for nitrogen ͓Fig. 9͑a͔͒ and hydrogen ͓Fig. 9͑b͔͒. One can see that the maximum of the distribution function for the potential ⌬ = 0.4 ͑curve 1͒ falls on energy values that correspond to the maximum of the ionization coefficient ͑see Fig. 2͒ , i.e., for this value of decelerating potential the formation of ions occurs faster than it is for other potentials ͑curves 2 and 3 that correspond to the potentials ⌬ = 0.5 and 0.6, respectively͒, and therefore the VC lifetime must be lower due to the faster compensation of the electron beam space charge.
Let us estimate the parameters of a microwave pulse for the laboratory model of a low-voltage vircator that has been investigated in Refs. 16 and 17 in a vacuum regime ͑experi-ments with a gas-filled model have not been performed yet͒. The accelerating potential is V 0 = 2 kV, the beam current is I 0 = 0.3 A, the second grid potential is V r = 0.4 kV ͑the retarding potential ⌬V = 1.6 kV͒, and the diode gap length is L = 100 mm. The radius of the electron beam is r b = 5 mm, and the value of the nonperturbed electron beam charge density is ͉n b0 ͉ = 1.4ϫ 10 −4 C / m 3 . These parameters of the laboratory model correspond to the Pierce parameter value ␣ Ϸ 0.9, and the dimensionless time = 1 corresponds to t = 3.7 ns. The numerical simulations show that variation of the gas pressure in the range of ͑1-5͒ ϫ 10 −4 Torr leads to VC life time variation in the range of 35-10 ns for hydrogen infill and 60-20 ns for nitrogen infill and ⌬ = 0.4. Expression ͑8͒ for the vircator life time shows that t VC varies in the range of 130-40 ns for nitrogen infill that, taking into account the roughness of the model, is in a good agreement with the results of numerical simulations. 
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IV. CONCLUSION
The role of a mobile ion background on the VC formation and dynamics in the Pierce-type diode with a retarding electric field has been studied numerically. It is shown that the processes of gas ionization and ion motion result in the drastic change of the VC behavior. The positive ion charge accumulation in the vicinity of the VC leads to the VC displacement as far as moving off the diode gap and suppression of the vircators. When the VC potential well keeping the ions disappears, the ions are removed from the diode gap by the retarding potential and a VC is formed anew and the process starts all over again. As a result, the microwave generation has the form of a sequence of pulses whose duration depends on the system parameters ͑gas pressure, retarding potential, beam current, etc.͒.
